Complementary chromatic adaptation (CCA) is a light-dependent acclimation process that occurs in cyanobacteria and likely is related to increased fitness of these organisms in natural environments. Although CCA has been studied for over 40 years, significant advances in our understanding of the molecular foundations of CCA are still emerging. In this minireview, I explore recently reported developments that include novel insights into the molecular mechanisms utilized in the photoregulation of pigmentation and the molecular basis of light-dependent changes in cellular morphology, which are central elements of the process of CCA. I also discuss future avenues of study that are expected to lead to additional progress in our understanding of CCA and our general appreciation of light sensing and photomorphogenesis in cyanobacteria.
Introduction
Photosynthetic organisms display highly developed abilities to monitor various aspects of their photoenvironment using sensory photoreceptors. These organisms also exhibit developmental plasticity that allows them to optimize their growth and development to match the light environment in which they are growing. There has been a great deal of interest in the photoreceptors and associated signaling pathways involved in the photomorphogenic responses that lead to optimization of photosynthetic efficiency and development in both prokaryotic and eukaryotic organisms (reviewed by [1, 2] ). In cyanobacteria, one wellstudied photomorphogenic process is complementary chromatic adaptation (CCA), which has been examined for well over 40 years. Most recently reviewed in 2006 by Kehoe and Gutu [3] , a number of seminal insights have been made regarding the regulation of CCA during the past few years. These advances include progress in our understanding of the mechanisms utilized by transcriptional regulators that control CCA responses [4, 5] , and the identification of novel roles for sensory photoreceptors involved in the regulation of distinct aspects of the CCA process [6] , in addition to other related novel developments [7] [8] [9] [10] [11] [12] . The photoregulation of pigmentation -i.e. phycobiliprotein composition of the photosynthetic light harvesting antennae or phycobilisomes (PBSs) -is the most thoroughly researched feature of CCA. In this minireview, I will discuss the impact of recent experimental findings and other fundamental developments on our understanding of the photoregulation of pigmentation, as well as other facets of CCA, and discuss future avenues that will advance our comprehension of light-regulated development in cyanobacteria and other photosynthetic organisms, as well as complement our knowledge about light-dependent signal transduction in general.
Complexity of CCA

Molecular basis of CCA
CCA is a light-dependent process occurring in cyanobacteria that results in alterations of the protein composition of the light-harvesting PBSs to maximize light absorption for growth and development. CCA occurs primarily in response to red light (RL) and green light (GL) in the freshwater cyanobacterium Fremyella diplosiphon (also designated Calothrix sp. PCC 7601), the organism in which the CCA process has been most extensively studied. The numerous investigations that have been conducted into CCA have yielded a wealth of information on the overall structure and structural components of PBSs (reviewed by [13] [14] [15] ), as well as knowledge about the regulatory components that are involved in controlling the protein composition of the PBSs in response to RL and GL exposure (reviewed by [3] ). These studies have resulted in the identification of specific genes encoding the structural phycobiliproteins and their associated linkers that together make up the PBSs, in addition to the discovery of genes encoding regulatory proteins, including CCA photoreceptor RcaE, a sensor-kinase-class protein with similarity to higher plant phytochromes, and two downstream response regulators (RRs) RcaF and RcaC (reviewed by [3] ).
Molecular mechanisms controlling pigmentation during CCA
There has been significant advancement in our knowledge of the mechanisms utilized by the Rca signaling pathway in the regulation of pigmentation in F. diplosiphon. Kehoe and coworkers recently reported the identification of transcriptional elements important for coordinated expression of phycocyanin (PC) phycobiliprotein and chromophore biosynthetic genes in this organism [4] . The transcriptional element, which was denoted an L box and has the consensus sequence 5′-TTGCACANNNNTTGCACA-3′, is a cis-acting element that consists of direct repeats characteristic of binding sites of OmpR-class transcriptional factors [4] . L boxes are found upstream of cpcB2, pcyA and cpeC [4] . As may be expected given the observation that transcription of cpcB2 and pcyA is regulated in an opposite manner to transcription of cpeC, the L box upstream of cpeC is in the inverse orientation as compared to the L boxes upstream of cpcB2 and pcyA [4] . Notably, in silico analysis of the genome of Synechococcus sp. PCC 7335, a marine cyanobacterium that exhibits CCA, resulted in the identification of L boxes upstream of RL-induced genes and in inverse orientation upstream of a gene not expressed during RL, which suggests a common CCA regulatory mechanism among diverse cyanobacteria [5] . Even more recently it was reported that OmpRclass RR RcaC acts as a DNA-binding transcription factor that regulates expression of cpcB2, pcyA and cpeC in response to RL [5] . A truncated version of RcaC containing the N-terminal receiver domain and the DNA-binding domain was shown to bind L-boxes in cpcB2, pcyA and cpeC promoters [5] . Under RL conditions expression of cpcB2 and pcyA is upregulated, while expression of cpeC is downregulated (reviewed by [3] ). Therefore, RcaC acts as both an activator and repressor of transcription in RL [5] .
Cellular responses of CCA
In addition to the recent progress made in our understanding of the direct role of RcaC in the photoregulation of pigmentation in F. diplosiphon, a novel role for RcaE in the light-dependent regulation of cell and filament morphology also has been established [6] . Although the readily observable pigmentation changes associated with CCA have been the hallmark response followed in many experimental investigations into the subject, early reports noted and characterized additional aspects of CCA that included a broad range of physiological and cellular effects (for examples see [16] [17] [18] [19] [20] ). In early metabolic labeling and protein gel electrophoresis experiments, it was shown that non-PBS proteins or cellular components were changing in abundance during CCA in addition to light-dependent phycobiliprotein changes [21] . The authors concluded that these factors potentially could include cell wall components and enzymes based on the earlier observation that F. diplosiphon cells change in shape in response to light [16, 21] . However, only in more recent studies has the molecular basis of some of these noted cellular responses been identified [6] .
F. diplosiphon exhibits elongated, brick-shaped cells when grown in GL, whereas RL-grown cells are round in shape [6, 16] . Results from recent studies established that RcaE is the biliprotein photoreceptor that regulates these cellular phenotypes in response to GL and RL [6] . In RL, RRs RcaC and RcaF are likely downstream of RcaE in this response [6] . Thus, RcaE is the photoreceptor responsible for the light-dependent changes in pigmentation [22, 23] as well as the changes in cell shape and filament length in response to GL or RL (see Figure 1 ). The identity of specific gene products that act downstream of RcaE in this cellular morphology response remains under investigation.
Notably, among the F. diplosiphon genes whose expression was determined in microarray studies to be upregulated under GL was 3091A7-A [24] . The predicted 3091A7-A open reading frame (ORF) was isolated from a GL-induced clone containing two potential ORFs, the second of which was shown to be oppositely regulated, i.e. induced by RL [24] . Pfam analysis [25] indicates that the protein predicted to be encoded by 3091A7-A exhibits sequence similarity to TonB (B.L. Montgomery, unpublished data). The similarity includes a highly conserved C-terminal domain cluster of TonB [26] . TonB family protein-encoding genes in Nostoc are classified in the cell wall/membrane/envelope biogenesis group according to EntrezGene [27] . The upregulation of expression of a F. diplosiphon gene in the TonB family under GL is of particular interest as this is the light condition under which cells are elongated and presumably require light-dependent regulation of cell envelope and cell wall components. Notably, TonBreceptor proteins, which interact directly with TonB, and additional gene products that include those that regulate bacterial cell shape have been shown to interact with cell wall assembly complexes in bacterial systems [28] . Such complexes are expected to impact the ability of a cell to control the production and deposition of cell envelope and cell wall components. Thus, components including TonB-related 3091A7-A, designated FdTonB, and other cell-shape-associated proteins may be regulated by RcaE in its light-dependent control of cellular morphology (see Figure 1 ).
Figure 1.
Model for Rca-dependent, dynamic control of photosynthetic efficiency and cellular morphology in Fremyella diplosiphon. Regulatory component RcaE is a biliprotein responsible for absorption of green light (GL) and red light (RL). In GL, RcaE is purported to act as phosphatase resulting in the dephosphorylation of the response regulator RcaF (indicated by green line) and maintenance of the DNA-binding transcriptional activator RcaC in the dephosphorylated state resulting in an increase in the expression of genes encoding phycoerythrin linkers, lyases and a regulatory activator (cpeCDESTR operon), phycoerythrin apoproteins (cpeBA operon), and phycoerythrobilin chromophore biosynthetic enzymes (pebAB operon). These GL-dependent transcriptional changes result in PBSs containing PE in the outer rods (see box lower left). In RL, RcaE is hypothesized to act as kinase (indicated by red lines). RcaE first autophosphorylates using ATP as a phosphate donor, followed by phosphotransfer to RcaF and subsequently to RcaC resulting in the upregulation of genes encoding phycocyanin apoproteins (cpcB2A2 operon) and phycocyanobilin chromophore biosynthetic enzyme (pcyA), while downregulating the cpeCDESTR operon. These RL-dependent transcriptional changes result in PBSs containing PCi in the outer rods (see box lower right). In vegetative filaments, GL-grown cells (indicated by red-colored, brick-shaped rectangles) differ in shape and size from RL-grown cells (indicated by blue-green-colored ovals). Based on the cellular morphological changes observed for cells and filaments grown in GL vs. RL, it is proposed that genes encoding cell envelope and cell wall components are also upregulated in GL conditions. Abbreviations: AP, allophycocyanin; C, cysteine residue; H, histidine residue; D, aspartate residue; DBD, DNA-binding domain; P, phosphate group; PCc, constitutive phycocyanin; PCi, inducible phycocyanin; PE, phycoerythrin; RC, chlorophyll-containing reaction center; TM, thylakoid membrane.
Constructing a CCA photoreceptor
Although the photobiology of CCA has been well studied and significant progress has been made in identifying the signaling components involved in the regulation of CCA and understanding the molecular basis for photoregulation of the downstream phycobiliprotein and chromophore biosynthetic genes, many facets of CCA remain to be elucidated. One major issue that remains unresolved is the chromophorylation of the photoreceptor RcaE and the biochemical mechanisms utilized by RcaE in its regulation of the Rca signaling pathway. Although these areas require additional study, some progress has been made in the areas of biosynthesis of related biliprotein photoreceptors and correlated photoacclimation processes that may enhance our understanding of CCA. These areas will be considered here.
Phytochrome-class photoreceptors and their chromophores in cyanobacteria
Chromophores are the light-absorbing part of photosensory molecules. Chromophore structure and attachment regulates the photobiological properties of holoprotein molecules (reviewed in [29] ). Knowledge about the diversity of chromophores bound to cyanobacterial phytochromes and phytochromelike proteins in vivo is emerging. Recent results demonstrated that canonical red/far-red reversible cyanobacterial phytochrome B (CphB) in F. diplosiphon carries biliverdin IXα as its native chromophore similar to a group of bacteriophytochromes [9] . TePixJ, a phytochrome-like protein found in the cyanobacterium Thermosynechococcus elongatus, purportedly bears linear tetrapyrrole phycoviolobilin (PVB) as its chromophore in vivo [7] . TePixJ was the first member of a family of related proteins to be characterized as a sensory photoreceptor that responds to blue light (BL) and GL [8] . TePixJ is a homologue of a protein that was shown to function as a photoreceptor involved in the regulation of phototaxis through a CheA/CheY-type signaling pathway in the cyanobacterium Synechocystis sp. PCC 6803 [30] .
A related protein in T. elongatus Trl0924 is a biliprotein that uses phycocyanobilin (PCB), and not PVB, as its chromophore and also exhibits blue/green photoreversibility [12] . The reported difference in chromophores used by the related TePixJ and Trl0924 proteins may be due to analyses of denatured PixJ as compared to native Trl0924 [12] . AnPixJ, another PixJ-related protein isolated from Anabaena (Nostoc) sp. PCC 7120, contains a novel green/red reversible chromophore-binding domain that binds PCB as a chromophore [11] . Additionally, CcaS is a PCB-binding chromoprotein from Synechocystis sp. PCC 6803 that exhibits green/red photoreversibility and light-dependent kinase activity [10] .
All of the proteins described above appear to have autocatalytic bilin lyase activity that results in covalent attachment of the bilin chromophore to the apoprotein. The proteins utilize diverse chromophores and respond to distinct wavelengths of light. While progress has been made in understanding the biosynthesis and photoresponsivity of these photoreceptors, the chemical nature of the chromophore attached to RcaE, the origin of the lyase activity needed for RcaE chromophore attachment, and the distinct spectral properties of the RcaE holoprotein remain to be elucidated.
Lyase functions in holoprotein production
Lyases are enzymes that are generally involved in chromophore addition to light-harvesting phycobiliproteins found in the PBS. However, as indicated by their name, these proteins can also be involved in chromophore removal or transfer. Few lyases have been identified and studied in detail. Recently, however, significant progress has been made in the characterization of a number lyases (reviewed by [31] ). Three major types of lyases have been recognized. The E/F-type lyases were the first phycobiliprotein lyases identified and described. In fact, E/F type lyases were the only group of lyases about which molecular information was known until the recent discovery of S/U-and T-type lyases (reviewed by [31] ). The E/F-type heterodimeric lyases chromophorylate specific phycobiliproteins -e.g. CpcE and CpcF catalyze the attachment (or removal) of the PCB chromophore to a conserved cysteine of phycocyanin [32] . S/U-and T-type lyases exhibit much broader apoprotein specificity. Monomeric S-type lyase CpeS has been shown to attach PCB to cysteine 84 of several phycobiliproteins in Anabaena sp. PCC 7120 [33, 34] , whereas heterodimeric CpcS and CpcU attach PCB to cysteine 82 of numerous phycobiliproteins in Synechococcus sp. PCC 7002 [35, 36] . Similar to S/Utype lyases, T-type lyases also exhibit broad apoprotein specificity. T-type lyase CpcT has been shown to attach PCB to cysteine 153 or 155 of beta-subunits of phycobiliproteins in Synechococcus sp. PCC 7002 and Anabaena sp. PCC 7120 [37, 38] .
Although the isolation and characterization of these lyases has been accomplished recently, the need for these lyases to produce chromophorylated phycobiliproteins for the PBS has been long recognized. Similar to the cyanobacterial phytochrome-related proteins described above, phytochromes and bacteriophytochromes generally possess autocatalytic lyase activity rather than requiring a separate protein to catalyze chromophore attachment in trans [29] . RcaE, however, is one of the first photosensory phytochromelike proteins hypothesized to require a lyase in trans for chromophore addition and holoprotein production [23] . Studies to determine definitively the origin of RcaE lyase activity and to establish whether RcaE utilizes intramolecular lyase activity, or an intermolecular E/F-, S/U-, or T-type lyase -or a novel class of lyase altogether -are still to be conducted.
Beyond CCA: Other types of photoacclimation in cyanobacteria
It is noteworthy that a distinct type of chromatic adaptation occurs in marine Synechococcus strains that results in changes in the chromophore composition of PBSs [39, 40] . In response to BL vs. GL or white light (WL), the chromophorylation of the PBSs is altered, rather than the phycobiliprotein content changed like that observed for F. diplosiphon and other similar organisms exhibiting CCA [39] . Everroad et al. proposed that regulation of this type of chromatic adaptation may result from photocontrol of the abundance or activity of bilin lyase proteins [39] . Whether this photocontrol results in transcriptional regulation of chromophore biosynthetic enzymes or lyase proteins in a process analogous to RcaC-regulated control of phycobiliprotein and chromophore biosynthetic genes during CCA or in post-transcriptional modification of bilin lyase proteins to regulate their enzymatic activity remains to be determined. Also, the photoreceptor responsible for the regulation of PBS chromophorylation in response to BL vs. GL or WL has not been reported. The advancement of these studies may be aided by detailed analyses of the promoters and examinations of the regulation of transcription of the growing number of lyase genes that have been isolated recently (see discussion above). Notably, recent comparative genomics studies of phycobilisome metabolism genes found in eleven marine Synechococcus spp. resulted in the identification of a number of additional putative lyase genes, one of which potentially could encode a BL-regulated lyase [41] .
Future directions:
Uncharted territory in CCA studies 5.1. Next steps in broadening our knowledge about CCA
Apart from the identification of the RcaE chromophore and lyase(s), there are additional areas relating to the regulation of CCA that are still to be addressed experimentally. These understudied areas include characterization of the light-regulated enzymatic activity of RcaE. Based on molecular genetic analyses, RcaE is purported to act as kinase in RL conditions and as a phosphatase in GL conditions (Figure 1 ; reviewed by [3] ). While basal autophosphorylation activity and reproducible phosphatase activity have been detected using RcaE apoprotein (B.L. Montgomery, unpublished data), definitive analysis of light-regulated kinase and phosphatase activities of RcaE awaits the isolation of the RcaE lyase activity for production of the chromophorylated RcaE holoprotein. Once these studies are feasible, the details of phosphotransfer from RcaE to RcaF and subsequently from RcaF to RcaC, as well as investigations into the impact of phosphorylation on the DNA-binding transcriptional activity of RcaC also can be conducted. Furthermore, additional studies are needed to identify other RcaE-regulated genes whose products impact both pigmentation and cellular morphology during CCA in F. diplosiphon. The number of known genes and gene products that are under the regulation of RcaE has increased significantly in recent years [4, 24, [42] [43] [44] [45] . However, to account for the range of phenotypes being observed for F. diplosiphon in response to GL or RL, additional genes must be controlled by RcaE that result in the photoregulation of pigmentation and morphological responses [3, 6] .
Role of pigmentation and developmental changes in adaptation to the environment
Although our knowledge about the molecular basis and regulatory mechanisms of CCA has expanded greatly in recent years, additional inquiries also are needed about the relevance of these physiological responses in a biological context. Investigations into whether photoregulation of cell shape and PBS pigment content impact the survivability of the organisms need to be performed. For example, a case can be made that lightdependent regulation of cell shape may be correlated with the depth of these organisms in the water column, similar to the photoregulation of pigmentation [46] , and ultimately with their ability to increase photosynthetic efficiency. Increased photosynthetic output is expected to result in increased vigor of the organisms in a natural context. One way in which the regulation of cellular morphology could be related to fitness is if the overall size of cells dictates the total amount of thylakoid membrane surface available for PBS attachment. Thus, the larger F. diplosiphon cells observed under GL as compared to cells grown under RL [6, 16] would allow for the accumulation of more phycoerythrin (PE) under GL conditions where it serves as the sole protein absorbing light energy for photosynthesis [47] , as compared to RL conditions under which both PC and chlorophyll absorb light for photosynthesis. In this scenario, cellular shape and pigmentation would be directly related to the overall fitness of the organism in a natural setting. Also organisms exhibiting CCA should be investigated more extensively in their natural environments, as well as over longer time scales, to determine whether this photoacclimation response is related to ecological and/ or evolutionary fitness in these organisms. It would be expected that the maintenance of CCA in a subset of organisms over time is related to a measurable ecological or evolutionary organismal advantages. In summary, though significant advances have been made in our understanding of CCA using a variety of molecular, cell biological and biochemical techniques, there are many outstanding molecular, as well as 'big picture', questions that will keep researchers searching for 'new light' on CCA for years to come.
